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Abstract Quantitative indicators are a common means of
assessing the complex dimensions of a sustainable
freshwater system, and framing scientific knowledge for
policy and decision makers. There is an abundance of
indicators in use, but considerable variation in terms of
what is being measured and how indicators are applied,
making it difficult for end-users to identify
suitable assessment methods. We review 95 water-related
indices and analyze them along their normative,
procedural, and systemic dimensions to better understand
how problems are being defined, highlight overlaps and
differences, and identify the context(s) in which a
particular index is useful. We also analyze the intended
use, end-users, and geographic scale of application for each
index. We find that risk assessment is the most common
application (n = 25), with indices in this group typically
focusing either on hazard identification (biophysical
assessments) or vulnerability of human populations.
Indices that measure freshwater ecological health are not
explicitly linking these indicators to ecosystem services,
and in fact the concept of ecosystem services is rarely
(n = 3) used for indicator selection. Resource managers are
the most common group of intended end-users (n = 25),
but while 28 indices involved consultation with potential
end-users, 11 did not specify an intended use. We conclude
that indices can be applied as solution-oriented tools,
evaluating scenarios and identifying tradeoffs among
services and beneficiaries, rather than only assessing and
monitoring existing conditions. Finally, earlier engagement
of end-users is recommended to help researchers find the
right balance among indices’ salience, legitimacy, and
credibility and thus improve their decision relevance.
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INTRODUCTION
Freshwater systems sustain people, underpinning agricul-
tural production, industrial processes, urban development,
and other biota that we depend on, and yet we are con-
sistently reminded that these systems are in crisis. Recent
global analyses have highlighted the link between water
scarcity, food insecurity (Rockstro¨m et al. 2009a; Brauman
et al. 2013), and poverty (WWAP 2015), and have docu-
mented trends in freshwater ecosystem degradation
(Gardner et al. 2015), aquifer depletion (Richey et al.
2015), and declines in aquatic biodiversity (Strayer and
Dudgeon 2010; Dudgeon 2014). Climate change and
ongoing human population growth are expected to accel-
erate many of these negative trends (Vo¨ro¨smarty et al.
2000; Alcamo et al. 2007; Palmer et al. 2008; Padowski
and Gorelick 2014). The impending global water crisis was
underscored more than two decades ago (Gleick 1993) and
its importance and imminence have amplified among
researchers (Vo¨ro¨smarty et al. 2010; Srinivasan et al. 2012;
Green et al. 2015) and decision makers (2030 Water
Resources Group 2009; Cooley et al. 2014) recently. In the
World Economic Forum’s (2015) Global Risks report for
2015, survey respondents ranked water crises the number
one risk in terms of societal impact, above infectious dis-
eases, weapons of mass destruction, and fiscal crises. While
much progress has been made in identifying the complex
problems related to the sustainability of freshwater
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systems, there has been less success in identifying solutions
(Pahl-Wostl et al. 2013), the typical gap between what
science offers and what decision makers need.
One area where science and policy converge around
water resources is in the field of indicators, the ‘‘compo-
nent[s] or measure[s] of environmentally relevant phe-
nomena used to depict or evaluate environmental
conditions or changes or to set environmental goals’’
(Heink and Kowarik 2010). In principle, indicators should
be sensitive to changes over time, refer to benchmark or
threshold values, be predictive or anticipatory and convey
relevance to the stated objectives of assessment (Liverman
et al. 1988). Indices are increasingly employed to bench-
mark performance on a range of issues and, if constructed
well, can offer a powerful communication and management
tool (OECD 2008), but are also prone to oversimplifying
complex issues of sustainable development and not ade-
quately reflecting the state of the science (Bo¨hringer and
Jochem 2007; Niemeijer and de Groot 2008). Although
indicators are typically designed to meet the informational
needs of policy and decision makers (Lorenz et al. 2001),
they are often dependent on, and derived from, scientific
knowledge and methods (Turnhout et al. 2007).
Indicators have long been used to help calculate risks,
monitor changes, measure progress and, more recently,
plan for greater sustainable use of water resources. Physical
and chemical water quality metrics have been in use since
the 1960s; in the 1980s, biological metrics were introduced
as an alternative way to assess freshwater ecological
integrity, and by the 1990s these and other metrics of
ecological stress were routinely used to reflect the state of
the environment (Spangenberg and Bonniot 1998). Seminal
work on human dependence on water resources (Falken-
mark et al. 1989; Gleick 1996) helped spur further research
into quantifying normative concepts such as water stress,
vulnerability, and sustainability.
These definitions matter—each has theoretical under-
pinnings as well as value judgments that, in turn, suggest
different methods with different implications for policy and
prioritization (Laderchi et al. 2003). Water stress, for
example, can refer to physical availability for food pro-
duction, or the delivery of water resources for direct human
consumption (sometimes referred to as ‘‘economic’’ scar-
city) (Rijsberman 2006). Quantifying stress then requires
decisions on what constitutes a water source (e.g., soil
moisture) (Rockstro¨m et al. 2009a), whether and how water
is shared between human and ecological needs (Smakhtin
et al. 2004), and whether local infrastructure exists to
deliver and clean this water (McDonald et al. 2014). Over
time, researchers and practitioners have developed com-
posite indicators (hereinafter referred to as ‘‘indices’’) to
capture more complex dynamics between the social and
ecological components of water resource supply and
demand, meet more specific informational needs, utilize
new forms of data, and integrate knowledge from multiple
disciplines. This proliferation has created a surfeit of
information related to the sustainability of freshwater sys-
tems, making it difficult for end-users to navigate let alone
understand and identify the most appropriate assessment
methods for their informational needs.
Here, we offer a review of existing water-related indi-
ces, elucidating the various dimensions from problem
definition to indicator aggregation, with the aim of pro-
viding insights that can be useful to the research, policy,
and practitioner communities interested in identifying
appropriate methods for assessing the sustainability of
freshwater systems. We systematically review 95 indices
using Binder et al.’s (2010) framework for evaluating
sustainability assessment methods. We apply this frame-
work to identify the different analytical lenses authors have
applied, which we consider a combination of Binder et al.’s
(2010) normative dimension (problem definition, goal-
setting, and assessment type) and systemic dimension
(parsimonious yet sufficient representation of the main
structures, processes, and functions of the system being
studied). Previous reviews have addressed indices applying
a single analytical lens, such as risk assessment (Brown and
Matlock 2011; Plummer et al. 2012; Doczi 2014; Pedro-
Monzonı´s et al. 2015) or life-cycle analysis (Kounina et al.
2012), but we provide the first comprehensive review that
compares these different approaches and their relative
merits and limitations in the context of supporting decision
makers. Next, we evaluate the procedural dimension—the
likely end-users, involvement of stakeholders in index
development, as well as the geographic scale at which
these indices can be applied. Finally, we conclude by dis-
cussing research gaps and potential opportunities for fur-
ther improvements to water-related indices.
METHODOLOGY
We examined both the peer-reviewed and gray literature,
since some indices are the product of managerial needs
rather than academic research. We established three simple
criteria for selection of indices to include in the review.
First, we only considered indices for which water is the
focus (including water supply, disaster risk reduction, and
ecological assessments), rather than a sub-component or
sub-index of a larger composite such as the Environmental
Sustainability Index (Esty et al. 2005). This was an attempt
to capture the broad range of human–water interactions,
while maintaining a reasonable scope. Second, we evalu-
ated indices rather than individual indicators (e.g., phos-
phorous concentrations) because the former represents a
deliberate attempt to select the most appropriate indicators
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and combine them to provide a concise yet comprehensive
assessment of freshwater systems. However, it should be
noted that the distinction is not always clear, as indicators
themselves can be a composite of more than one metric.
Moreover, not all indices are aggregated into a final value
or classification, thus many indices evaluated in this review
are in fact an assemblage of indicators. Finally, we only
reviewed indices with documented and transparent meth-
ods. Proprietary assessment methods such as those used by
consultancies to produce risk assessments were excluded,
as were indices that do not provide enough information to
reproduce them. Application of these criteria resulted in
selection of 95 indices for review (see Table S1 Supple-
mentary Material for the full list of references).
In addition to reviewing the 10 indices cited within
existing review papers (Brown and Matlock 2011; Juwana
et al. 2012; Plummer et al. 2012; Hester and Little 2013;
Doczi 2014; Pedro-Monzonı´s et al. 2015), we conducted
online searches using Web of Science and Google, the
latter in an attempt to capture publicly available gray lit-
erature, using six different search terms:
• Water sustainability index,
• Water health index,
• Water risk index,
• Water vulnerability index,
• Water quality index, and
• Water sustainability indicators.
For Google searches, we viewed the first 200 records
returned. For Web of Science searches, we did not specify
a date range but restricted records to those with at least one
citation. We only conducted searches using English and
thus our results are constrained to the English language
literature. We excluded papers that merely implemented a
previously developed index, unless the authors claimed to
have made modifications sufficient to qualify it as a distinct
index, e.g., Perez-Foguet and Garriga’s (2011) Enhanced
Water Poverty Index (eWPI) builds on Sullivan et al.’s
Water Poverty Index (2003) and hence was included in our
review as a separate index.
In an effort to categorize the indices and discern the
reasons for the apparent diversity of approaches (Plummer
et al. 2012), we evaluated each index against several cri-
teria: the analytical lens that the authors employed to select
indicators; their intended end-user and primary or expected
use; the spatial scale of application and any spatial dif-
ferentiation used to compare sub-units; category (or type)
and number of indicators; and the type of aggregation rules
(if any) applied to arrive at a final index score (Table 1).
Most of these criteria are clearly addressed within each
paper, although the first two criteria are open to ambiguity
and, if not stated directly within the documentation,
required a judgment on their classification.
Indices vary considerably in terms of their demonstrated
applications, something that is not easily discerned through
research citations or website visits and so we do not
attempt to evaluate the effectiveness of any particular
index. There is also substantial variation in the amount of
documentation available, and the resources that have been
invested in their development. Thus, our aim was not to
compare indices against one another, but to examine the
breadth of indices, orient potential users to the variety of
approaches, and highlight potential gaps and opportunities
for further development of indices for decision support.
Identifying analytical lenses
In principle, indices ought to be based on a conceptual
framework which defines the phenomenon and goals of
interest, identifies important sub-components, and guides
the selection of indicators and data needs (Walmsley 2002;
OECD 2008). Yet many indices are criticized for a lack of
formal selection criteria (Dale and Beyeler 2001; Niemeijer
and de Groot 2008) or rigorous conceptual grounds on
which assessment goals are based (Vugteveen et al. 2006).
Indicator selection reflects personal biases, technical con-
siderations, knowledge constraints (Boulton 1999) and
goals and is thus unavoidably normative (Turnhout et al.
2007; Ioris et al. 2008). Beginning with a widely accepted
concept of sustainable development, authors must identify
specific sectoral problems and goals that might be
addressed by an assessment (Binder et al. 2010). For
example, will socioeconomic indicators be included? Is
sustainability understood to be intergenerational?
We use the term ‘‘analytical lens’’ here to denote the
conceptual foundation on which indicator selection is
based; many authors of the indices reviewed here refer to
having created their own unique framework for indicator
selection. Not all of the indices we reviewed make explicit
reference to an analytical lens, but all allude to some form
of logic that guides indicator selection, which we have
defined and summarized in Table 2. The breadth of cate-
gories was developed iteratively, and we determined that it
is not possible to delineate mutually exclusive, collectively
exhaustive categories for these lenses—there are
inevitable overlaps in terms of technical concepts as well as
appeals to general principles of sustainability (Ferguson
et al. 2012). Our aim is thus to offer an overview of where
indices tend to fall, and the implications of applying a
particular lens when assessing a freshwater system. Certain
lenses are well established within the literature and suggest
specific technical assessment methods, such as the Driving
Forces-Pressures-State-Impact Response (DPSIR), ecolog-
ical health, ecosystem services, life-cycle assessment, and
risk assessment categories. To these we have suggested
three additional analytical lenses that are distinct in terms
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of their scope and/or definition of the problem(s) related to
sustaining freshwater systems. Some of these lenses focus
on a specific, arguably under-researched element of
freshwater system sustainability (e.g., infrastructure service
delivery, institutional performance) and so could conceiv-
ably be nested within other, more holistic lenses.
Table 1 Specific criteria used to evaluate selected indices
Criteria Subcriteria
Analytical lens How is the problem or issue defined?
How is the system represented? What components are being measured?
End use What type of decision contexts is the index designed for? Can it be used dynamically?
How, if at all, have end-users been involved in the development?
Data representation What, if any, weighting and numeric aggregation methods are used?
What is the spatial unit of analysis?
What are the data collection requirements?
Table 2 Analytical lenses used to conceptualize problems and select water-related indicators
Analytical lens Description
DPSIR (n = 14) The Driving Forces-Pressures-State-Impact-Response (DPSIR) lens is an elaboration on the Pressures-State-
Response (PSR) framework developed by the Organisation for Economic Co-operation and Development
(OECD) as a way to organize indicators measuring sustainability. It introduces a cause-effect logic that links
human activities (pressures) to environmental impacts (state) that lead to policy and management responses
Ecological health (n = 15) Ecological health uses a variety of biological, physical, morphological, and chemical proxies to compare a
freshwater ecosystem to 1) a historical (or pristine) reference point (Karr, 1981) or 2) a threshold based on an
ecosystem’s ability to sustain its supply of goods and services (Karr 1999). The latter is more commonly used
(Boulton 1999; Karr 1996; Vugteveen et al. 2006; Korbel and Hose 2011) and is reflected by a preference for
the term ‘‘health’’ over the previously used term ‘‘integrity’’
Ecosystem services (n = 3) Several frameworks exist to quantify ecosystem services—the benefits that humans obtain from nature.
Evaluations generally rely on spatially explicit analysis (mapping and modeling service production [supply]
and beneficiaries [demand]). Ecosystem services may be reduced to a single monetary indicator using a variety
of economic valuation methods, or they may be represented in biophysical units (e.g., tons of sediment
retained per year) or simply ranked (e.g., low to high value)
Infrastructure service delivery
(n = 6)
Infrastructure service delivery is focused primarily on the water, sanitation and hygiene (WASH) sector. Indices
in this category are united by their attention to issues such as the financial sustainability of infrastructure
systems and the equitable distribution of and access to services, a deliberate attempt to expand indicators in
this field beyond one-off assessments of infrastructure functionality (Lockwood and Le Gouais 2014)
Institutional performance
(n = 6)
Institutional performance has recently been singled out as warranting more attention in the context of water
resource management (Hooper 2010; Plummer et al. 2012). Indices in this category are means-oriented (i.e.,
prescribing practices thought to be more ‘‘sustainable’’), primarily qualitative, such as ratings for mechanisms
for coordinated decision making
Life-cycle assessment
(n = 11)
Life-cycle assessment methods rely on inventories of material inputs and outputs for a particular process or
product, to quantify its environmental impacts, reducing a substantial amount of data into a final indicator, a
volume of water which constitutes the ‘‘water footprint.’’ This approach has recently been adapted to evaluate
impacts of freshwater consumption (2005). Impacts measured include water withdrawals, consumption, and
pollution, each of which can be scaled up or down
Risk assessment (n = 25) Risk assessments typically consist of two major steps: (1) identifying potential water-related threats (e.g., natural
hazards, physical scarcity, pollution) to human populations (Vo¨ro¨smarty et al. Kounina et al. 2012); and (2)
characterizing the population’s susceptibility to harm, based on its likelihood of exposure to hazards, the
severity of potential outcomes, and its capacity to adapt (Adger 2006)
System sustainability
(n = 15)
This lens emphasizes human dependence on water resources, the linkages among social, economic, and
environmental sub-systems (i.e., social-ecological or coupled human-natural systems), and the
intergenerational aspect of sustainability. One of the more common ways to operationalize the concept of
sustainability is to separate it into dimensions, e.g., the ‘‘triple bottom line’’ of economic, environmental, and
social indicators (Spangenberg and Bonniot 1998), while other authors define properties of a sustainable
system and focus more attention to the interlinkages among these dimensions to (Loucks 1997)
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RESULTS
A summarized assessment of all 95 indices, including the
analytical lens, primary use, end-user(s), and geographic
scale of application, appears in Table S2. The Supple-
mentary Material also includes information on the com-
ponent categories, number of indicators, and weighting
procedure applied. In the following sub-sections, we
elaborate on the results summarized in these tables.
Analytical lenses
DPSIR
Fourteen indices refer specifically to the DPSIR or PSR
lens. Liaw et al. (2000) and Walmsley (2002) were among
the first authors to recommend applying the DPSIR lens to
integrated catchment management and it continues to be
used, most recently in global assessments (UNESCO-IHP
et al. 2012; UNEP and UNEP-DHI 2015) Indices in this
category generally prioritize available data, making them
easy to calculate. It is often applied to individual indicators
(Niemeijer and de Groot 2008), leading to three or more
parameters for each indicator, e.g., Pressure, State, and
Response parameters for the Policy indicator in the
Watershed Sustainability Index (Chaves and Alipaz 2007).
This analytical lens is widely applied in environmental
management and attempts to identify causal relations,
though it has been criticized for assuming linearity in these
relationships (Perez-Foguet and Garriga 2011), having
ambiguous categories and not accounting for ecosystem
services (Kelble et al. 2013), and focusing on ‘‘end-of-
pipe’’ remedial solutions (Spangenberg and Bonniot 1998).
Ecological health
Fifteen indices apply an Ecological Health lens, to a variety
of aquatic ecosystems including rivers, riparian zones,
lakes, wetlands, and estuaries. These indices offer the most
scientifically comprehensive assessment of the state of
aquatic ecosystems. Health, rather than integrity, is now the
preferred nomenclature among indices in this category,
reflecting the distinction many authors have made (Boulton
1999; Karr 1999; Vugteveen et al. 2006; Korbel and Hose
2011) that claim the former term is more relevant to
societal values; ‘‘ecological health’’ allows for discussion
of thresholds which provide acceptable or desirable levels
of ecosystem services while maintaining ecological func-
tion (Karr 1996). Many of these indices make reference to
ecosystem services as the endpoints humans value but stop
short of quantifying the services or the relationship
between ecological health and service provision, nor do
they set the thresholds for ‘‘healthy’’ freshwater systems,
i.e., connecting quantitative values of the index to what
might be acceptable levels of ecosystem health (Beck and
Hatch 2009). Populating these indices usually requires
direct examination of affected biota, and reference points
are determined regionally, but this also limits their appli-
cation in areas where data and resources are sparse, and
where users seek to make explicit connections to human
well-being.
Ecosystem services
Despite its emphasis on quantification and connections to
human well-being (Summers et al. 2012), only three of the
indices we reviewed explicitly rely on an ecosystem ser-
vices analytical lens to define indicators (Abel et al. 2003;
Tipa and Teirney 2006; Dodds et al. 2013), while two
others included a number of indicators that were classified
as ecosystem services (Smajgl et al. 2010; van Leeuwen
et al. 2012). Even among these, there is substantial varia-
tion among the services measured: Abel et al. (2003)
involved stakeholders directly in the identification and
ranking of ecosystem services in an Australian catchment;
Dodds et al. (2013) include disturbance and water quality
regulation indicators but rely exclusively on biophysical
indicators and global datasets, Tipa and Teirney (2006)
focus on spiritual and symbolic cultural services, and van
Leeuwen et al. (2012) include biodiversity and esthetic
cultural services. These disparities highlight some chal-
lenges to applying an ecosystem services lens to freshwater
assessments. Beyond water provisioning (which most
indices address, regardless of their analytic foundation),
there is considerable debate as to the appropriate measures
of other water-related services (Vollmer et al. 2016) and
whether these services should be further reduced to mon-
etary indicators (Kallis et al. 2013) as is frequently done.
This also means that our review inadvertently excluded
ecosystem service assessments that did not explicitly refer
to indicators.
Infrastructure service delivery
As noted in the introduction, water stress can be a result of
populations affected by poor service delivery (cost and/or
quality) rather than a physical scarcity of water. Infras-
tructure service delivery indices focus almost exclusively
on water and sanitation services and the technologies that
provide them, although the indicators attempt to measure
the non-technical factors that affect the long-term viability
of technical interventions. Five of the six indices in this
group focused on WASH issues, while Bos (1997) con-
centrates on irrigation and drainage systems. The indices
have unique emphases, such as ‘‘performance assessment’’
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(Bos 1997), ‘‘demand-responsiveness’’ (Sara and Katz
2005), or reducing inequalities (JMP 2015) that appear to
reflect prevailing priorities of funding agencies. Conse-
quently, measuring these indicators requires detailed (often
qualitative) field surveys.
Institutional performance
A small group of indices (n = 6) have been recently
developed to track the performance of institutions (or water
resource governance), often specifically to measure pro-
gress toward implementing principles of integrated water
resource management (IWRM) or, as Sullivan (2010) puts
it, shift more attention from hydrologic regimes to gover-
nance issues. The concept of IWRM is subject to inter-
pretation (Cook and Spray 2012) but the general tenets of
coordinating management of water and terrestrial ecosys-
tems at a basin scale are widely accepted, and indices in
this category generally draw from the expansive list of
indicators proposed in Hooper (2010). These include cat-
egories such as coordinated decision making, goal com-
pletion, financial sustainability, training, and capacity
building. Indices under this analytical lens are means-ori-
ented (i.e., prescriptive in terms of what constitutes ‘sus-
tainable practices’) (Binder et al. 2010), primarily
qualitative, and are often connected to the development of
River (Lake) Basin Organizations. As such, they require
surveys and interviews to collect primary data for popu-
lating the indicators.
Life-cycle assessment (LCA)
Indices in this category (n = 11) span spatial scales, since
they link to global datasets on water consumption, which
can then be traced back to final demand in a specific
locality. Footprints can be assessed at the community or
basin scale by summing the water footprints in a geo-
graphic area—five of the indices were designed to be
applied specifically to cities and urban water management
issues. This footprint may be sub-divided into blue water
(fresh surface and groundwater consumed in a process),
green water (precipitation that transpires through plants
without recharging aquifers), and gray water (water used to
assimilate pollutant loads) (Hoekstra et al. 2009) or it may
be weighted according to the quality of the water used
(Bayart et al. 2014) and/or the level of water stress present
in the source region. Decisions on how to normalize,
weight, and aggregate data are left to expert analysts
[Bohringer et al. 2007]. Large uncertainties in LCA studies
suggest that their value is in signaling where there is a need
for more detailed assessments of water resource con-
sumption (Pfister et al. 2009), while some researchers
question whether water footprinting should be used in
policy discussions at all because it lacks sufficient infor-
mation on the actual impacts of ‘‘virtual water consump-
tion’’ (Wichelns 2015). That said, it may be the most
suitable method for corporate decision makers seeking to
manage their industries’ impacts and dependence on
freshwater resources.
Risk assessment
Collectively, risk assessment appears to be the most com-
mon analytical lens used in the indices we reviewed
(n = 25). These indices focus almost exclusively on water
supply risks for human populations (including domestic,
industrial, and agricultural water supplies), although five
indices include an indicator related to flooding risk. Scar-
city is generally measured using global proxies, such as
Falkenmark’s indicator of water stress (1700 m3 renewable
water resources per capita per year) or environmental water
requirements (Smakhtin et al. 2004). Only four indices
(Sullivan and Meigh 2005; Kang and Lee 2011; Chang
et al. 2013; Devineni et al. 2013) used quantitative prob-
abilities to characterize risks; the majority used proxies
(such as counting flood occurrences over a period of time).
Based on our judgment, 12 focus primarily on hazard
identification (where exposure is assumed but not mea-
sured), while 13 focus on vulnerability (where hazards may
be measured but in some cases are merely assumed). The
reason for this segmentation likely has to do with the data
and methods available. Hazard identification mostly relies
on geospatial predictors and can be constructed using
hydrologic models and widely available datasets (Srini-
vasan et al. 2012). Vo¨ro¨smarty et al. (2010) attempt to
incorporate one element of vulnerability assessment
(technological investments like reservoirs) into their anal-
ysis of ‘‘incident threats’’ to water security, and Green et al.
(2015) recently extended Vo¨ro¨smarty et al.’s method by
rescaling the threats according to the number of people
living downstream from freshwater provisioning areas as a
measure of potential exposure. The Water Poverty Index
(WPI) (Sullivan et al. 2003) represents a better integration
of hazard identification and vulnerability assessment to
characterize risk. The WPI accounts for availability of
water resources, access for human use, and capacity to
manage water, and later variants like the Climate Vulner-
ability Index (Sullivan and Meigh 2005) and Water Vul-
nerability Index (Sullivan 2010) both build on the
foundations of the WPI.
System sustainability
The concept of sustainability has different interpretations
across the range of indices that use the concept (n = 14),
further illustrating the normative aspect of problem
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definition and indicator selection. Several of the indices in
this subset refer to a ‘‘balanced picture’’ of sustainability,
that is, an equal number of economic, social, and envi-
ronmental indicators (Ioris et al. 2008). Marques et al.
(2015) criticize this ‘‘triple bottom line’’ approach for
overlooking issues such as governance and technologies.
Other authors derived independent definitions for water-
related sustainability, such as Schneider et al.’s (2014):
contribution to societal goals of regional development,
maintenance of ecological and hydrological integrity,
contribution to social justice, and adaptive capacity.
Despite attempts to provide a holistic picture of sustain-
ability, some indices in this category tend to offer weak
conceptual foundations, lacking the integrative element
that links indicators (Singh et al. 2009). A subset within
this category gives comparatively more consideration to
how social and ecological indicators interrelate and, con-
sequently, suggest more complex methods and data
requirements. Loucks’s (1997) Sustainability Index for-
mulates a framework of three indicators (reliability, resi-
lience, and vulnerability) for measuring the sustainability
of a water resource system, but only one other index
(Sandoval-Solis et al. 2011) in this category refers to this
framework. Four other indices (Cai et al. 2002; Bagheri
et al. 2006; SWRR 2008; Shilling 2013) refer to system
sustainability but present their own categories of indicators
of a sustainable system, including equity and meeting
consumer demand.
Uses, end-users, and spatial scale of application
In principle, any index could be employed for multiple uses
and many of the indices we reviewed allude to multiple
uses. We summarize these uses in Table 3 into bench-
marking and monitoring, facilitating IWRM, prioritizing
investment, and raising public awareness. Indices are use-
ful tools to measure and then communicate the current state
of a freshwater system—58 of the indices we reviewed
were developed primarily to provide a benchmark or to
facilitate public awareness, and most (n = 56) of the
indices are aggregated into a single index score. The
decision on whether or not to aggregate is influenced by the
index’s end use—a single summary statistic facilitates easy
comparison and prioritization across assessment units,
captures the attention of media and policy makers, and can
be unpacked to reveal the component indicator values
(OECD 2008). However, the aggregation process requires a
decision on whether and how to weight component indi-
cators, followed by a decision on using additive or geo-
metric aggregation, and there is little agreement or
scientific guidance on appropriate weighting techniques
(Sharpe 2004). Again, these are normative decisions
(Bo¨hringer and Jochem 2007; Binder et al. 2010), despite
the fact that methods can be objectively and transparently
described, and the end result may appear arbitrary to end-
users (Singh et al. 2009). For these reasons, 25 of the
aggregate indices did not weight indicators at all, and nine
indices specified that end-users must define the weights,
which gives users some influence over the final scores.
Most of the indices we reviewed have been developed
with a particular end-user in mind, which in turn deter-
mines the decision context (or primary use) and scale of
application. In fact, 26 of the indices we reviewed were
developed for specific end-users in specific regions, which
may limit their application outside of those regions but
should increase their salience compared to more general-
ized indices. Only twenty-eight indices in total included
some form of consultation with likely end-users to either
select or refine indicators, ranging from a questionnaire to
participatory workshops. This suggests that most indices
are relying more on a top-down approach, which may
affect their uptake (Sala et al. 2015). By contrast, 11
indices made no clear reference to end-users besides sug-
gesting that findings would be of interest to policymakers
or the research community. Clearly, end-user groups such
as civil society organizations and the general public have
an interest in these sorts of indices as well, but among the
indices we reviewed these groups are typically mentioned
as secondary rather than primary audiences. The following
sub-sections summarize the different types of end-users of
these indices.
Local governments/utilities
One-fifth (n = 19) of the indices we reviewed were
developed primarily for ‘‘communities,’’ often a municipal
entity or a class of user (water utilities, farmers). Life-cycle
assessments were the most commonly applied framework
within this group, perhaps as a way to connect communities
with the global freshwater resources they impact (Hoff
et al. 2014), although the LCA method has also been
applied exclusively to a city’s regional water supply
(Stoeglehner et al. 2011) as well as to model the
throughput, or water metabolism, of cities (Lundin and
Morrison 2002; Carden and Armitage 2013). One of the
most often referenced indices, the Water Poverty Index,
was developed to be used at the local community scale
(Sullivan et al. 2003) and, due to its relatively basic data
requirements, is easily applied at the country level as well,
although doing so can mask important sub-national varia-
tion (Sullivan et al. 2006).
Resource managers
About a third of the indices were developed to support
regional assessments. This may reflect the increasing
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recognition of a need to plan for and manage water
resources at the basin scale, although this group also
includes indices developed to measure ecological health
and not necessarily the interplay between ecosystem ser-
vices and socioeconomic demand. A small subset of indi-
ces (Chaves and Alipaz 2007; Davies et al. 2010; Jun et al.
2011; Pandey et al. 2011; Correˆa and do Nascimento
Teixeira 2013) identify their primary end-user group as
river basin organizations, but the vast majority of indices
make more general references to ‘‘water resource man-
agers’’ or simply ‘‘resource managers.’’ This category is
distinguished from the previous category through an
emphasis on the resource itself as the object of assessment,
either a particular water body or resource in a particular
basin, which often incorporates multiple dependent human
and ecological (including terrestrial) communities. End-
users may be a heterogeneous mix of local community
representatives, multiple types of water users, and national
agencies, but all aligned as stakeholders within a basin or
regional group of watersheds. The two primary uses for
indices in this category are benchmarking and supporting
IWRM efforts. Three of these indices (Cai et al. 2002; Jun
et al. 2011; Sandoval-Solis et al. 2011) specifically cite
their use as a tool to assist regional stakeholders in eval-
uating tradeoffs among competing water uses.
National policymakers
Water resource management may be local and regional, but
national policies often dictate its implementation. Sixteen
of the indices were oriented toward national policymakers
or the Ministries that enact policies and manage resources.
However, a large majority (n = 12) of these indices
involved assessments at a sub-national scale, usually using
basin boundaries—four of the indices were demonstrated
using only a basin rather than a full country-scale assess-
ment (Sullivan 2010; Perez-Foguet and Garriga 2011;
Storer et al. 2011; Speed et al. 2012); in these cases,
however, the authors emphasize that the indices should be
scaled up to inform national policymakers. This scaling up
of sub-national assessments then facilitates a comparative
analysis: whether to map ‘‘water poor’’ populations (Perez-
Foguet and Garriga 2011) or evaluate the performance of
river basin organizations within a country (Hooper 2010).
International organizations
Signaling the global importance of water resource sus-
tainability, 10 indices have been developed for interna-
tional organizations or development agencies. Some of
these indices were commissioned specifically by the end-
user. These include globally comprehensive assessments
like the Global Environment Facility’s Transboundary
Watershed Assessment Program’s (TWAP) indices for
river basins (UNEP and UNEP-DHI 2015), lakes (ILEC
2011), and aquifers (UNESCO-IHP et al. 2012), as well as
project-scale methodologies such as the Sustainability
Index of WASH Interventions (Lockwood 2010) supported
by the U.S. Agency for International Development. Donor
organizations are seeking to shift their development sup-
port from direct service provision (e.g., infrastructure) to
long-term systemic issues such as financial sustainability or
the equitable distribution of and access to these services,
and indices provide a way to measure progress toward
these goals.
Private sector
Only three indices were developed specifically for a cor-
porate decision maker, all using a ‘‘hazard identification’’




This is often described as a primary way to ‘‘operationalize’’ sustainability. Indices provide a quantitative baseline of
the status of a freshwater system, along with thresholds, and a means of monitoring changes or progress toward
defined goals
Facilitating IWRM Index development encourages, if not requires, an integration of knowledge from different sectors related to water. In
this case, the emphasis of the index may be on supporting the implementation of IWRM principles (identifying data
needs, facilitating cross-agency dialogue) as well as providing a composite picture where one did not previously
exist. Strategic spatial planning is sometimes considered a sub-component of IWRM efforts
Prioritizing investment Indices are commonly used to facilitate comparisons, whether across units (e.g., basins or countries) or among the sub-
components of a particular index (e.g., ‘‘drinking water’’ vs. ‘‘sanitation’’). They may highlight deficiencies that
could benefit from strategic public investment, or they may offer a tool for private investors to minimize exposure
to water-related risk
Public awareness Indices summarize a substantial amount of data and information into a coherent ‘‘big picture,’’ and thus they are often
useful as a public communication tool. This may be a primary goal for river basin organizations producing annual
reports, or for researchers wanting to raise the profile of less visible aspects of freshwater social-ecological systems
(e.g., a product’s water footprint)
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analytical lens and are intended to help prioritize invest-
ments and mitigate ‘‘corporate water risk.’’ Despite these
commonalities, each index in this category operates dis-
tinctly. The Aqueduct Water Risk Atlas and online tool
(Gassert et al. 2014) offer maps of 12 global indicators,
including three indicators that make up the component of
‘‘Regulatory and Reputational Risk,’’ capturing the unique
concerns of corporate decision makers with regard to
water. The World Business Council for Sustainable
Development’s Global Water Tool (WBCSD 2015) allows
users to input information on production sites (as well as
supply chains) and then assess corporate exposure to risk
based on country- and basin-specific data and projections
for water stress. The tool’s outputs are also made to be
consistent with corporate disclosure protocols such as the
Global Reporting Initiative. The Global Water Tool was
also used to assess 48 global companies as input to the
Water Risk Filter developed by the German Investment
Corporation (DEG), and WWF (Orr et al. 2011), the major
difference being that the Water Risk Filter is oriented
toward investors, who can use the tool and its indicators to
screen for water-related risks among their investments.
DISCUSSION
There is no ‘‘one size fits all’’ approach most suitable for
decision support, but our analysis points to certain
strengths and weaknesses of the various approaches, in
their normative and systemic dimensions (analytical lenses
and indicator selection) and their procedural dimension
(stakeholder involvement). One strength of the DPSIR and
System Sustainability approaches, for example, is their
deliberate attention to the linkages and dynamics among
indicators, recognizing that sustainability is more than an
aggregation of important issues (Singh et al. 2009). Some
lenses focus on single elements of what are complex,
context-specific interactions within social-ecological sys-
tems (Armitage et al. 2015); these indices miss the links to
other elements (sub-systems), although they may be helpful
in assessing heretofore less understood issues (e.g., water
governance). There will always be an audience for simple
or narrowly focused indicators, and so the question is
whether such indicators are fit for the purpose of imple-
menting IWRM. Conversely, there are limits to the degree
of complexity that can be reduced to and represented by
quantitative indicators.
While this review was constrained to water-related
indices, we believe these insights are more widely appli-
cable and, hopefully useful, to the general area of quanti-
tative assessments of social-ecological systems. Although
most indices appeal to general concepts of sustainability, a
variety of end-users invariably have differing goals and
ways of operationalizing the concept, which are influenced
by the analytical lens that guides indicator selection. While
it is not feasible or productive to rank and rate this diverse
set of indices, we have distilled what we consider to be
positive attributes of index development, some gaps that
should be addressed, and some guidance on future index
development and application. Scientific information is
central to solving water-related challenges, but it is just one
input into decision making (Armitage et al. 2015). We see
an opportunity to improve the decision relevance of indi-
ces, but achieving this will require more involvement of
end-users in problem definition and indicator selection. It
also requires more consideration of proactive uses of
indices, including forecasting, identifying and mitigating
tradeoffs, and enhancing positive impacts (Sala et al.
2015).
Decision relevance of indices
Many of the indices we reviewed have been developed as
decision-support tools—this is evidenced particularly by
the 28 indices where end-users helped select indicators to
suit their informational needs and administrative mandate.
Yet more than 70 % of indices did not formally consult
end-users as part of the index development process, which
leads to ambiguity in terms of how those indices are to be
applied and whether they are fit for a particular purpose
(Sala et al. 2015). Even in the field of freshwater life-cycle
analysis, which has heretofore been oriented toward public
awareness, researchers are advocating for the method to
become a ‘‘first base for strategic decisions’’ (Kounina
et al. 2012). In other words, indices should not be used
merely to tell us how we are doing, but to help us deter-
mine necessary steps to sustain the freshwater systems we
rely on. To close the implementation gap between IWRM
principles and practice, decision makers need guideposts to
help them set tangible and relevant goals, measure their
progress, and course-correct as needed.
To be decision relevant, index development should
begin with end-users transparently identifying objectives,
followed by the selection of indicators that can assist in
meeting the objectives. The recently developed ‘‘service
delivery’’ and ‘‘institutional performance’’ indices offer
good examples of goal-driven indices, as they have been
developed to take a more systemic view of the long-term
viability of aid interventions (Lockwood 2010) and water
resource management arrangements (Hooper 2010),
respectively. It is surprising that ecosystem services do not
feature more prominently among the indices we reviewed,
despite acknowledgment of a need for quantifying water’s
range of contributions to human well-being (Seager 2001;
Cosgrove and Loucks 2015), suggestions that humans
should be at the center of freshwater assessments (Meyer
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1997; Vugteveen et al. 2006), and the emphasis that
ecosystem service analysis places on quantification. Cook
and Spray (2012) argue that the ecosystem services con-
cept, with its scientific grounding, may offer an opportunity
to operationalize principles of IWRM. Many analysts have
suggested that the lack of standardized classification
schemes for ecosystem services has hampered the con-
cept’s uptake among resource managers (Polasky et al.
2015; Shapiro et al. 2015), and there remain methodolog-
ical challenges in measuring flows and actual demand for
some services (Bagstad et al. 2014; Burkhard et al. 2014).
Nevertheless, this is a promising research avenue that could
support useful new indicators. The link between freshwater
ecological health and the services a healthy ecosystem can
deliver deserves more attention. Measuring this link would
connect environmental degradation (or improvement) more
directly to changes in human well-being, thus also linking
natural resource management with decisions surrounding
infrastructure service delivery.
Most existing indices either highlight problems or refine
our understanding of complex challenges, and are generally
insufficient to provide insight into policies for improving
conditions (Srinivasan et al. 2012) even if that is their
purported aim. Risk assessment is the most common ana-
lytical lens used to construct indices (representing 25 % of
indices), and tends to rely on indicators that focus on
environmental stressors and exposure to hazards. Life-cy-
cle analysis (9 % of indices) associates these stressors with
a process or place. The DPSIR analytical lens (used in
13 % of reviewed indices) similarly focuses on environ-
mental pressures and degradation, as do the 16 % of indices
based on ecological health as an analytical lens. Under-
standing stressors is necessary but insufficient, as IWRM
involves the full range of interactions between human and
freshwater systems and thus frames challenges as opti-
mizing long-term benefits for current and future genera-
tions. Such goals are inherently complex, involve large
uncertainties, and require decision makers to navigate
tradeoffs between water delivery and consumption,
ecosystem services and ecosystem function and beneficiary
groups. This calls for integrating knowledge from multiple
disciplines, and in the case of indicators, it also requires
attempts to measure phenomena and concepts that are
hardly settled within the scientific community (Hester and
Little 2013). Challenging as this may be, we believe indi-
ces can and must move in this direction if they are to
support implementation of IWRM principles.
Scenarios, tradeoffs, and thresholds
Researchers and policymakers increasingly recognize the
benefits of incorporating scenario analysis alongside
baseline assessments (2030 Water Resources Group 2009;
Sullivan 2010; Doczi 2014), whether as additional indica-
tors (UNEP and UNEP-DHI 2015) or as inputs to assess
projected index values for the future (Devineni et al. 2013).
Scenario analysis is important in order to incorporate a
range of possible impacts from climate change, for exam-
ple, but such scenarios should also factor in shifts in
agricultural practices, infrastructure and industrial devel-
opment, population growth, and land use change, all of
which may, depending on the scale of analysis, have an
appreciable impact on freshwater resources, and can be
modeled with more certainty (and over shorter timescales)
than climate change. A majority (n = 51) of the indices we
reviewed are technically fit to support scenario analysis. By
technically fit, we mean that these indices either measure
biophysical and/or socioeconomic indicators with concep-
tual foundations for quantitative modeling. Better integra-
tion of these models, by combining hydrologic models with
land use, vegetation, climate, and socioeconomic models,
is a promising area for research (Vogel et al. 2015), and
one that could support further applications of water-related
indices.
Scenario analysis would facilitate identification and
evaluation of tradeoffs and synergies among water
demands and related ecosystem services. Nearly one-third
(n = 28) of the indices we reviewed make reference to
these sorts of tradeoffs within their documentation, most
commonly in the context of water allocation among com-
peting demands. But far fewer (n = 11) offer suggestions
on how the index can be used to help evaluate tradeoffs,
primarily the spatial allocation of water supply. Tradeoffs,
synergies, and their implications are an essential part of the
debate around sustainability and water resource manage-
ment (Loucks 1997). Historically, humans have pursued
some form of water ‘‘security’’ with limited regard for
these tradeoffs (Pahl-Wostl et al. 2013). Tradeoffs imply
losing something in order to gain something else, and so a
better understanding of water-related tradeoffs could also
help steer discussions beyond risk reduction and ‘‘least
possible manipulation’’ toward a goal of the ‘‘best possible
manipulation’’ of freshwater systems (Falkenmark 2003).
This necessitates further discussion and negotiation about
who or what is benefitting from freshwater services, but
these conversations could be aided by indices that illustrate
a vision (or competing visions) for the future. The concept
of tradeoffs and synergies overlaps considerably with the
presently en vogue water-food-energy nexus (Gupta et al.
2013) which, while conceptually intriguing, is another step
removed from the realities of sectoral management and
decision making. It also does not reflect that water is often
the limiting factor, at least at a basin scale (Walmsley et al.
2001); food and energy are not geographically constrained
in the same way that water resources are, and can be
adequately represented as competing demands within a
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freshwater social-ecological system, rather than requiring a
new field of nexus indicators.
Further exploration of tradeoffs would also force
researchers (and end-users) to give greater consideration to
the thresholds on individual indicators below or above
which might signal unacceptable changes, and the poten-
tially non-linear relationships between changes in norma-
tive indicators and the values humans place on them
(Heink and Kowarik 2010). For example, the widely used
indices of biotic integrity set a reference point for the
ecological function of water bodies, but do not address the
question of how much of a decline from this reference
point constitutes a threat to either the ecosystem or the
human communities that may value it (Beck and Hatch
2009). Assessments require such reference points to aid in
interpretation, but this is a subjective exercise (Heink and
Kowarik 2010) that is typically left to experts or policy-
makers. Some thresholds, such as Falkenmark’s indicator,
are widely accepted but are arbitrary decisions rather than
scientific facts. Rockstro¨m et al.’s (2009b) ‘‘planetary
boundary’’ for water resources (4000 km3 consumed per
year) may have already been surpassed, counter to the
authors’ estimate of current use being only 2600 km3 and
thus highlighting the major uncertainties in such calcula-
tions (Jaramillo and Destouni 2015), while others, such as
pollution concentrations that affect changes in ecosystem
processes, have a basis in scientific fact. Many of the
thresholds relating to water scarcity suffer the problem of
being developed top-down without accounting for locally
variable conditions and institutions (Srinivasan et al. 2012)
or local ecology (Smakhtin et al. 2004). We argue that
basin-scale assessments involving stakeholder and scien-
tific input (e.g., for goal-setting, data collection, scenario
development, and weighting) are needed for progress in
understanding these tradeoffs and what appropriate
thresholds might be.
Balancing salience, legitimacy, and credibility
The continued development of indices suggests that there is
a need for new and improved ways to assess freshwater
systems, as well as a need to synthesize the complex
information that informs our understanding of them (2030
Water Resources Group 2009). As the stressors on fresh-
water systems increase in magnitude and abundance,
informational needs have become diverse and more
nuanced. Furthermore, watershed governance occurs at
multiple spatial scales (Sullivan et al. 2006; Parkes et al.
2010). Informational needs (and the ability to manage
freshwater systems) change as the spatial scale moves from
a local to global community. Rather than scaling up or
down, indices ought to clearly define their niche, whether it
is global awareness raising or basin-scale decision support.
We recommend that water indices strive to reach a
balance across salience, legitimacy, and credibility, rec-
ognizing that these attributes are often closely linked (Cash
et al. 2003; Armitage et al. 2015). These three criteria
should foster greater relevance of indices to address the
social and ecological implications of water use across all
sectors; the development and application of indices needs
to consider the objectives of policy and decision makers in
the context of the information gained from the physical,
natural, and social sciences (Turnhout et al. 2007). Salience
is achieved by providing information that is useful to those
who can act on that information. Global indices and
assessments, for example, are of limited use to the com-
munities managing freshwater resources (Rijsberman
2006) because they are restricted to globally uniform
datasets, often at a coarse spatial resolution, and are unable
to reflect differentiated local or regional informational
needs, interests, and capacities to respond (Srinivasan et al.
2012). Basin-scale assessments might be the most appro-
priate scale for index application, as they can also be
aggregated to the national level to provide information
relevant to national policymakers. Water footprinting
techniques are also moving in this direction, incorporating
finer scale regionalized assessments (including indices) as
input ‘‘characterization factors’’ in impact assessments
(Kounina et al. 2012). But even basin-scale indices might
not be salient if they are developed with too little input
from end-users. Most indices’ documentation not only
include suggestions that their overarching framework can
be adapted to local needs or data constraints, and this is
obvious, but also diminishes the value of the initial
framework if it must be dismantled.
Legitimacy derives from the perception that an index
respects divergent values and that it has been developed in
an unbiased way. Several indices under the ‘‘System Sus-
tainability’’ analytical lens category combine social, eco-
nomic, and environmental indicators as a way of conferring
legitimacy among divergent interests. But moving too far
in this direction, of arbitrarily including indicators without
demonstrating their links to one another, may limit the
salience of integrating them in a single index approach.
Legitimacy is not achieved by being inclusive in terms of
the indicators themselves, but by offering an inclusive
process for developing the index or allowing some flexi-
bility for adapting the index to local circumstances. A
simple but often overlooked step within these indices that
could enhance their legitimacy is leaving the weighting and
aggregation decisions to stakeholders themselves. While
there is no universal agreement on whether to aggregate the
output of indicators, aggregation techniques abound in the
literature (the analytic hierarchy process (Saaty 2005)
appearing to be the most popular technique employed in
the indices we reviewed) for soliciting stakeholder input
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into combining information within indices and across
stakeholders. But more generally, indices that incorporate
participatory approaches to defining issues and refining
indicators are likely to be perceived as more legitimate
(Wissen Hayek et al. 2016) and thus more likely to be
adopted.
Finally, credibility, or the scientific and technical rigor
of an index, has been the primary focus within the research
community, but it does not address the challenge of
bridging science and policy. Decision theoretic frame-
works, that distinguish between the roles that scientific
information and social values play in decisions, are well
poised to address this but have not been utilized to their full
potential in the application of indices to water resource use.
Rather than isolate variables in order to ‘‘maintain’’ sci-
entific credibility, researchers and stakeholders, across
multiple facets, should work together to ensure indices are
salient, legitimate and credible to provide a better inte-
gration of the social and ecological aspects of freshwater
systems. In this regard, we see the Sustainable System
analytical lens as a promising area for further development,
with its emphasis on linkages among variables and human
dependence on resources.
Future directions
It is clear from the proliferation of water-related indices
over the last two decades that there is a need for assess-
ments of freshwater systems, and an improving capability
to tailor these assessments to the informational needs of
different end-users. There will always be competing
demands on water resources, and in much of the world
these demands (and stressors) are increasing. These have
come to the forefront with the looming and current fresh-
water crisis, and climate change could exacerbate existing
tensions. Synthetic ways to measure and balance all of the
needs and uses of water resources are essential to under-
standing and managing freshwater resources and their
stressors. Across the indices we reviewed, most focus on
water as a scarce or highly demanded resource, and the
majority of indices explicitly account for human depen-
dence on this resource. There are indices that focus on the
health of the freshwater ecosystem that is the source of the
services we depend on, but they stop short of assessing
these services, or quantifying the relationship between
ecosystem health and service delivery. Moreover, none of
the indices we reviewed fully assess the tradeoffs inherent
in integrating land and water resource management to
optimize benefits. Therefore, there is an imperative for
analysis of both the supply and demand components of
freshwater systems and the resulting impacts to the
ecosystems that provide freshwater. This will require
indices that can measure physical and biological properties,
the needs of freshwater ecosystems as well as societal
needs. Indices on their own will not immediately make
clear the decisions managers need to make to ensure sus-
tainability and equitable distribution of water resources, but
they provide crucial information to informing such deci-
sions if they can span both the scientific and social attri-
butes of water resources. Ultimately, they should orient us
toward sustaining our most critical natural resource.
Acknowledgments We would like to thank the Associate Editor and
two anonymous reviewers for their helpful comments. This work was
funded by grants from the Victor and William Fung Foundation, Betty
and Gordon Moore, and the Borrego Foundation, to whom we are
grateful.
Open Access This article is distributed under the terms of the
Creative Commons Attribution 4.0 International License (http://
creativecommons.org/licenses/by/4.0/), which permits unrestricted
use, distribution, and reproduction in any medium, provided you give
appropriate credit to the original author(s) and the source, provide a
link to the Creative Commons license, and indicate if changes were
made.
REFERENCES
Water Resources Group. 2009. Charting our water future: Economic
frameworks to inform decision-making. McKinsey, http://www.
mckinsey.com/business-functions/sustainability-and-resource-
productivity/our-insights/charting-our-water-future.
Abel, N., S. Cork, R. Gorddard, J. Langridge, A. Langston, R. Plant,
W. Proctor, P. Ryan, et al. 2003. Natural Values: Exploring
options for enhancing ecosystem services in the Goulburn
Broken Catchment. Canberra, Australia. http://www.ecosystem
servicesproject.org/html/publications/docs/nveo/Natural_Values.
pdf.
Alcamo, J., M. Flo¨rke, and M. Ma¨rker. 2007. Future long-term
changes in global water resources driven by socio-economic and
climatic changes. Hydrological Sciences Journal 52: 247–275.
doi:10.1623/hysj.52.2.247.
Armitage, D., R.C. de Loe, M. Morris, T.W. Edwards, A.K. Gerlak,
R.I. Hall, D. Huitema, R. Ison, et al. 2015. Science-policy
processes for transboundary water governance. Ambio 44:
353–366. doi:10.1007/s13280-015-0644-x.
Bagheri, A., A. Asgary, J. Levy, and M. Rafieian. 2006. A
performance index for assessing urban water systems: A fuzzy
inference approach. Journal American Water Works Association
98: 84–92.
Bagstad, K.J., F. Villa, D. Batker, J. Harrison-Cox, B. Voigt, and
G.W. Johnson. 2014. From theoretical to actual ecosystem
services: Mapping beneficiaries and spatial flows in ecosystem
service assessments. Ecology and Society 19: 64. doi:10.5751/
ES-06523-190264.
Bayart, J.-B., S. Worbe, J. Grimaud, and E. Aoustin. 2014. The Water
Impact Index: A simplified single-indicator approach for water
footprinting. International Journal of Life Cycle Assessment 19:
1336–1344. doi:10.1007/s11367-014-0732-3.
Beck, M.W., and L.K. Hatch. 2009. A review of research on the
development of lake indices of biotic integrity. Environmental
Reviews 17: 21–44. doi:10.1139/a09-001.
776 Ambio 2016, 45:765–780
123
 The Author(s) 2016. This article is published with open access at Springerlink.com
www.kva.se/en
Binder, C.R., G. Feola, and J.K. Steinberger. 2010. Considering the
normative, systemic and procedural dimensions in indicator-
based sustainability assessments in agriculture. Environmental
Impact Assessment Review 30: 71–81. doi:10.1016/j.eiar.2009.
06.002.
Bo¨hringer, C., and P.E.P. Jochem. 2007. Measuring the immeasur-
able—A survey of sustainability indices. Ecological Economics
63: 1–8.
Bos, M.G. 1997. Performance indicators for irrigation and drainage.
Irrigation and Drainage Systems 11: 119–137. doi:10.1023/a:
1005826407118.
Boulton, A.J. 1999. An overview of river health assessment:
Philosophies, practice, problems and prognosis. Freshwater
Biology 41: 469–479.
Brauman, K.A., S. Siebert, and J.A. Foley. 2013. Improvements in
crop water productivity increase water sustainability and food
security—A global analysis. Environmental Research Letters 8:
24030. doi:10.1088/1748-9326/8/2/024030.
Brown, A., and M. D. Matlock. 2011. A Review of Water Scarcity





Burkhard, B., M. Kandziora, Y. Hou, and F. Mu¨ller. 2014. Ecosystem
service potentials, flows and demands—Concepts for spatial
localisation. Indication and Quantification: Landscape Online.
doi:10.3097/lo.201434.
Cai, X.M., D.C. McKinney, and L.S. Lasdon. 2002. A framework for
sustainability analysis in water resources management and
application to the Syr Darya Basin. Water Resources Research.
doi:10.1029/2001wr000214.
Carden, K., and N.P. Armitage. 2013. Assessing urban water
sustainability in South Africa—not just performance measure-
ment. Water SA. doi:10.4314/wsa.v39i3.1.
Cash, D.W., W.C. Clark, F. Alcock, N.M. Dickson, N. Eckley, D.H.
Guston, J. Ja¨ger, and R.B. Mitchell. 2003. Knowledge systems
for sustainable development. Proceedings of the National
Academy of Sciences 100: 8086–8091.
Chang, H., I.-W. Jung, A. Strecker, D. Wise, M. Lafrenz, V. Shandas,
H. Moradkhani, A. Yeakley, et al. 2013. Water supply, demand,
and quality indicators for assessing the spatial distribution of
water resource vulnerability in the Columbia River Basin.
Atmosphere-Ocean 51: 339–356. doi:10.1080/07055900.2013.
777896.
Chaves, H.M.L., and S. Alipaz. 2007. An integrated indicator based
on basin hydrology, environment, life, and policy: The water-
shed sustainability index. Water Resources Management 21:
883–895.
Cook, B.R., and C.J. Spray. 2012. Ecosystem services and integrated
water resource management: Different paths to the same end?
Journal of Environmental Management 109: 93–100. doi:10.
1016/j.jenvman.2012.05.016.
Cooley, H., N. Ajami, M.-L. Ha, V. Srinivasan, J. Morrison, K.
Donnelly, and J. Christian-Smith. 2014. Global Water Gover-
nance in the Twenty-First Century. In The World’s Water
Volume 8. Pacific Institute, http://pacinst.org/publication/global-
water-governance-in-the-21st-century-2/.
Correˆa, M.A., and B.A. do Nascimento Teixeira. 2013. Developing
sustainability indicators for water resources management in
Tieteˆ-Jacare´ Basin, Brazil. Journal of Urban and Environmental
Engineering 7: 8–14. doi:10.4090/juee.2013.v7n1.008014.
Cosgrove, W.J., and D.P. Loucks. 2015. Water management: Current
and future challenges and research directions. Water Resources
Research. doi:10.1002/2014wr016869.
Dale, V.H., and S.C. Beyeler. 2001. Challenges in the development
and use of ecological indicators. Ecological Indicators 1: 3–10.
Davies, P.E., J.H. Harris, T.J. Hillman, and K.F. Walker. 2010. The
Sustainable Rivers Audit: Assessing river ecosystem health in
the Murray-Darling Basin, Australia. Marine & Freshwater
Research 61: 764–777. doi:10.1071/mf09043.
Devineni, N., S. Perveen, and U. Lall. 2013. Assessing chronic and
climate-induced water risk through spatially distributed cumu-
lative deficit measures: A new picture of water sustainability in
India. Water Resources Research 49: 2135–2145. doi:10.1002/
wrcr.20184.
Doczi, J. 2014. Managing climate risk for the water sector with tools
and decision support. In Climate change and water resources,
ed. S. Shrestha, M.S. Babel, and V.P. Pandey, 239–290. Boca
Raton, FL: CRC Press, Taylor & Francis Group.
Dodds, W.K., J.S. Perkin, and J.E. Gerken. 2013. human impact on
freshwater ecosystem services: A global perspective. Environ-
mental Science and Technology 47: 9061–9068. doi:10.1021/
es4021052.
Dudgeon, D. 2014. Threats to freshwater biodiversity in a changingworld.
In Global environmental change, ed. B. Freedman, 1:243–253.
Dortrecht: Springer. doi:10.1007/978-94-007-5784-4_108.
Esty, D. C., M. Levy, T. Srebotnjak, and A. De Sherbinin. 2005.
Environmental sustainability index: Benchmarking national
environmental stewardship. New Haven: Yale Center for Envi-
ronmental Law & Policy.
Falkenmark, M. 2003. Freshwater as shared between society and
ecosystems: from divided approaches to integrated challenges.
Philosophical transactions of the Royal Society of London Series
B, Biological sciences 358: 2037–2049. doi:10.1098/rstb.2003.
1386.
Falkenmark, M., J. Lundqvist, and C. Widstrand. 1989. Macro-scale
water scarcity requires micro-scale approaches: Aspects of
vulnerability in semi-arid development. Natural Resources
Forum 13: 258–267.
Ferguson, B.C., R.R. Brown, and A. Deletic. 2012. Diagnosing
transformative change in urban water systems: Theories and
frameworks. Global Environmental Change. doi:10.1016/j.
gloenvcha.2012.07.008.
Gardner, R. C., S. Barchiesi, C. Beltrame, C. M. Finlayson, T.
Galewski, I. Harrison, M. Paganini, C. Perennou, et al. 2015.
State of the World’s Wetlands and their Services to People: A
compilation of recent analyses. Ramsar Briefing Note no. 7.
Gland, Switzerland: Ramsar Convention Secretariat, http://www.
ramsar.org/sites/default/files/documents/library/cop12_doc23_
bn7_sowws_e_0.pdf.
Gassert, F., M. Luck, M. Landis, P. Reig, and T. Shiao. 2014.
Aqueduct global maps 2.1: Constructing decision-relevant
global water risk indicators. Working Paper. Washington, DC:
World Resources Institute, http://www.wri.org/publication/
aqueduct-global-maps-21.
Gleick, P.H. 1993. Water in crisis: A guide to the world’s fresh water
resources, 473. New York: Oxford University Press.
Gleick, P.H. 1996. Basic water requirements for human activities:
Meeting basic needs. Water International 21: 83–92. doi:10.
1080/02508069608686494.
Green, P.A., C.J. Vo¨ro¨smarty, I. Harrison, T. Farrell, L. Sa´enz, and
B.M. Fekete. 2015. Freshwater ecosystem services supporting
humans: Pivoting from water crisis to water solutions. Global
Environmental Change 34: 108–118. doi:10.1016/j.gloenvcha.
2015.06.007.
Gupta, J., C. Pahl-Wostl, and R. Zondervan. 2013. ‘‘Glocal’’ water
governance: A multi-level challenge in the anthropocene.
Current Opinion in Environmental Sustainability 5: 573–580.
doi:10.1016/j.cosust.2013.09.003.
Ambio 2016, 45:765–780 777
 The Author(s) 2016. This article is published with open access at Springerlink.com
www.kva.se/en 123
Heink, U., and I. Kowarik. 2010. What are indicators? On the
definition of indicators in ecology and environmental planning.
Ecological Indicators 10: 584–593. doi:10.1016/j.ecolind.2009.
09.009.
Hester, E.T., and J.C. Little. 2013. Measuring environmental
sustainability of water in watersheds. Environmental Science
and Technology 47: 8083–8090. doi:10.1021/es400513f.
Hoekstra, A. Y., A. K. Chapagain, M. M. Aldaya, and M.
M. Mekonnen. 2009. Water Footprint Manual: State of the Art
2009. Enschede, The Netherlands: Water Footprint Network.
http://waterfootprint.org/media/downloads/
WaterFootprintManual2009.pdf.
Hoff, H., P. Do¨ll, M. Fader, D. Gerten, S. Hauser, and S. Siebert.
2014. Water footprints of cities–indicators for sustainable
consumption and production. Hydrology and Earth System
Sciences 18: 213–226. doi:10.5194/hess-18-213-2014.
Hooper, B. 2010. River basin organization performance indicators:
Application to the Delaware River basin commission. Water
Policy 12: 461–478. doi:10.2166/wp.2010.111.
ILEC (International Lake Environment Committee). 2011. Method-
ology for the Assessment of Transboundary Lake Basins. Volume
3. Methodology for the GEF Transboundary Waters Assessment
Programme. Nairobi: UNEP, 69 pp. http://www.unep.org/dewa/
Portals/67/pdf/TWAP-Volume-3-Methodology_for_Lake_Basins-
low-res.pdf.
Ioris, A.A.R., C. Hunter, and S. Walker. 2008. The development and
application of water management sustainability indicators in
Brazil and Scotland. Journal of Environmental Management 88:
1190–1201. doi:10.1016/j.jenvman.2007.06.007.
Jaramillo, F., and G. Destouni. 2015. SUSTAINABILITY. Comment
on ‘‘Planetary boundaries: Guiding human development on a
changing planet’’. Science (New York, N.Y.) 348: 1217. doi:10.
1126/science.aaa9629.
JMP (WHO/UNICEF Joint Monitoring Programme). 2015. Post-2015
WASH targets and indicators. http://www.who.int/water_
sanitation_health/monitoring/coverage/wash-post-2015-rev.pdf?
ua=1.
Jun, K.S., E.S. Chung, J.Y. Sung, and K.S. Lee. 2011. Development
of spatial water resources vulnerability index considering
climate change impacts. The Science of the total environment
409: 5228–5242. doi:10.1016/j.scitotenv.2011.08.027.
Juwana, I., N. Muttil, and B.J. Perera. 2012. Indicator-based water
sustainability assessment—A review. The Science of the total
environment 438: 357–371. doi:10.1016/j.scitotenv.2012.08.093.
Kallis, G., E. Go´mez-Baggethun, and C. Zografos. 2013. To value or
not to value? That is not the question. Ecological Economics 94:
97–105. doi:10.1016/j.ecolecon.2013.07.002.
Kang, M.-G., and G.-M. Lee. 2011. Multicriteria evaluation of water
resources sustainability in the context of watershed management.
Journal of the American Water Resources Association 47:
813–827. doi:10.1111/j.1752-1688.2011.00559.x.
Karr, J.R. 1996. Ecological integrity and ecological health are not the
same. Engineering within ecological constraints 97: 109.
Karr, J.R. 1999. Defining and measuring river health. Freshwater
Biology 41: 221–234.
Kelble, C.R., D.K. Loomis, S. Lovelace, W.K. Nuttle, P.B. Ortner, P.
Fletcher, G.S. Cook, J.J. Lorenz, et al. 2013. The EBM-DPSER
conceptual model: Integrating ecosystem services into the
DPSIR framework. PLoS ONE 8: e70766. doi:10.1371/journal.
pone.0070766.
Korbel, K.L., and G.C. Hose. 2011. A tiered framework for assessing
groundwater ecosystem health. Hydrobiologia 661: 329–349.
doi:10.1007/s10750-010-0541-z.
Kounina, A., M. Margni, J.-B. Bayart, A.-M. Boulay, M. Berger, C.
Bulle, R. Frischknecht, A. Koehler, et al. 2012. Review of
methods addressing freshwater use in life cycle inventory and
impact assessment. The International Journal of Life Cycle
Assessment 18: 707–721. doi:10.1007/s11367-012-0519-3.
Laderchi, C.R., R. Saith, and F. Stewart. 2003. Does it matter that we
don’t agree on the definition of poverty? A comparison of four
approaches. Oxford Development Studies 31: 243–274. doi:10.
1080/1360081032000111698.
Liaw, C.-H., C.-C. Cheng, and C.-K. Hsieh. 2000. A framework of
sustainable water resources management indicators. Journal of the
Chinese Institute of Environmental Engineering 10: 311–322.
Liverman, D.M., M.E. Hanson, B.J. Brown, and R.W. Merideth.
1988. Global sustainability-toward measurement. Environmental
Management 12: 133–143.
Lockwood, H. 2010. Sustainability Index of WASH Interventions:
Global Findings and Lessons Learned. USAID and Rotary
International. http://www.washplus.org/sites/default/files/
WashSustainabilityIndex.pdf.
Lorenz, C.M., A.J. Gilbert, and W.P. Cofino. 2001. Indicators for
transboundary river management. Environmental Management
28: 115–129. doi:10.1007/s002670010211.
Loucks, D.P. 1997. Quantifying trends in system sustainability.
Hydrological Sciences Journal 42: 513–530. doi:10.1080/
02626669709492051.
Lundin, M., and G.M. Morrison. 2002. A life cycle assessment based
procedure for development of environmental sustainability
indicators for urban water systems. Urban Water 4: 145–152.
Marques, R.C., N.F. da Cruz, and J. Pires. 2015. Measuring the
sustainability of urban water services. Environmental Science &
Policy 54: 142–151. doi:10.1016/j.envsci.2015.07.003.
McDonald, R.I., K. Weber, J. Padowski, M. Flo¨rke, C. Schneider,
P.A. Green, T. Gleeson, S. Eckman, et al. 2014. Water on an
urban planet: Urbanization and the reach of urban water
infrastructure. Global Environmental Change 27: 96–105.
doi:10.1016/j.gloenvcha.2014.04.022.
Meyer, J.L. 1997. Stream health: Incorporating the human dimension
to advance stream ecology. Journal of the North American
Benthological Society 16: 439–447. doi:10.2307/1468029.
Niemeijer, D., and R.S. de Groot. 2008. A conceptual framework for
selecting environmental indicator sets. Ecological Indicators 8:
14–25. doi:10.1016/j.ecolind.2006.11.012.
OECD. 2008. Handbook on constructing composite indicators:
methodology and user guide. Paris, France: OECD (Organisation
for Economic Co-operation and Development), 158 pp. http://
www.oecd.org/els/soc/handbookonconstructingcompositeindicator
smethodologyanduserguide.htm.
Orr, S., R. Sa´nchez-Navarro, G. Schmidt, R. Seiz-Puyuelo, K. Smith,
and J. Verberne. 2011. Assessing water risk: A practical approach
for financial institutions. Berlin, Germany: WWF Germany,
59 pp. https://www.deginvest.de/DEG-Englische-Dokumente/
PDFs-Download-Center/DEG-WWF_Water_Risk.pdf.
Padowski, J.C., and S.M. Gorelick. 2014. Corrigendum: Global
analysis of urban surface water supply vulnerability (2014
Environ. Res. Lett. 9104004). Environmental Research Letters 9:
119501. doi:10.1088/1748-9326/9/11/119501.
Pahl-Wostl, C., A. Arthington, J. Bogardi, S.E. Bunn, H. Hoff, L.
Lebel, E. Nikitina, M. Palmer, et al. 2013. Environmental flows
and water governance: Managing sustainable water uses. Current
Opinion in Environmental Sustainability 5: 341–351. doi:10.
1016/j.cosust.2013.06.009.
Palmer, M.A., C.A. Reidy Liermann, C. Nilsson, M. Flo¨rke, J. Alcamo,
P.S. Lake, and N. Bond. 2008. Climate change and the world’s
river basins: Anticipating management options. Frontiers in
Ecology and the Environment 6: 81–89. doi:10.1890/060148.
Pandey, V.P., M.S. Babel, S. Shrestha, and F. Kazama. 2011. A
framework to assess adaptive capacity of the water resources
system in Nepalese river basins. Ecological Indicators 11:
480–488. doi:10.1016/j.ecolind.2010.07.003.
778 Ambio 2016, 45:765–780
123
 The Author(s) 2016. This article is published with open access at Springerlink.com
www.kva.se/en
Parkes, M.W., K.E. Morrison, M.J. Bunch, L.K. Hallstro¨m, R.C.
Neudoerffer, H.D. Venema, and D. Waltner-Toews. 2010.
Towards integrated governance for water, health and social–
ecological systems: The watershed governance prism. Global
Environmental Change 20: 693–704. doi:10.1016/j.gloenvcha.
2010.06.001.
Pedro-Monzonı´s, M., A. Solera, J. Ferrer, T. Estrela, and J. Paredes-
Arquiola. 2015. A review of water scarcity and drought indexes
in water resources planning and management. Journal of
Hydrology 527: 482–493. doi:10.1016/j.jhydrol.2015.05.003.
Perez-Foguet, A., and R.G. Garriga. 2011. Analyzing water poverty in
basins. Water Resources Management 25: 3595–3612. doi:10.
1007/s11269-011-9872-4.
Pfister, S., A. Koehler, and S. Hellweg. 2009. Assessing the
environmental impacts of freshwater consumption in LCA.
Environmental Science and Technology 43: 4098–4104.
Plummer, R., R. de Loe, and D. Armitage. 2012. A systematic review
of water vulnerability assessment tools. Water Resources
Management 26: 4327–4346. doi:10.1007/s11269-012-0147-5.
Polasky, S., H. Tallis, and B. Reyers. 2015. Setting the bar: Standards
for ecosystem services. Proceedings of the National Academy of
Sciences of the United States of America 112: 7356–7361.
doi:10.1073/pnas.1406490112.
Richey, A.S., B.F. Thomas, M.-H. Lo, J.T. Reager, J.S. Famiglietti,
K. Voss, S. Swenson, and M. Rodell. 2015. Quantifying
renewable groundwater stress with GRACE. Water Resources
Research. doi:10.1002/2015wr017349.
Rijsberman, F.R. 2006. Water scarcity: Fact or fiction? Agricultural
Water Management 80: 5–22. doi:10.1016/j.agwat.2005.07.001.
Rockstro¨m, J., M. Falkenmark, L. Karlberg, H. Hoff, S. Rost, and D.
Gerten. 2009a. Future water availability for global food produc-
tion: The potential of green water for increasing resilience to
global change. Water Resources Research. doi:10.1029/
2007wr006767.
Rockstro¨m, J., W.L. Steffen, K. Noone, A. Persson, and F.S. Chapin.
2009b. Planetary boundaries: Exploring the safe operating space
for humanity. Ecology and Society 14: 32.
Saaty, T. 2005. The analytic hierarchy and analytic network processes
for the measurement of intangible criteria and for decision-
making. In Multiple criteria decision analysis: State of the art
surveys, ed. J. Figueira, et al., 345–405. New York: Springer
Verlag.
Sala, S., B. Ciuffo, and P. Nijkamp. 2015. A systemic framework for
sustainability assessment. Ecological Economics 119: 314–325.
doi:10.1016/j.ecolecon.2015.09.015.
Sandoval-Solis, S., D.C. McKinney, and D.P. Loucks. 2011.
Sustainability index for water resources planning and manage-
ment. Journal of Water Resources Planning and Management
137: 381–390. doi:10.1061/(ASCE)WR.1943-5452.0000134.
Sara, J., and T. Katz. 2005. Making rural water supply sustainable:
report on the impact of project rules. Edited by UNDP-World




Schneider, F., M. Bonriposi, O. Graefe, K. Herweg, C. Homewood,
M. Huss, M. Kauzlaric, H. Liniger, et al. 2014. Assessing the
sustainability of water governance systems: The sustainability
wheel. Journal of Environmental Planning and Management.
doi:10.1080/09640568.2014.938804.
Seager, J. 2001. Perspectives and limitations of indicators in water
management. Regional Environmental Change 2: 85–92. doi:10.
1007/s101130100031.
Shapiro, C., G. Arthaud, F. Casey, and D. Hogan. 2015. Ecosystem
services science, practice, and policy: Perspectives from ACES,
A Community on Ecosystem Services. Ecological Economics
115: 1–2. doi:10.1016/j.ecolecon.2015.04.001.
Sharpe, A. 2004. Literature review of frameworks for macro-
indicators. Ottawa, ON, Canada: Centre for the Study of Living
Standards, 79 pp. https://ideas.repec.org/p/sls/resrep/0403.html.
Shilling, F. 2013. California Water Sustainability Indicators Frame-




Singh, R.K., H.R. Murty, S.K. Gupta, and A.K. Dikshit. 2009. An
overview of sustainability assessment methodologies. Ecological
Indicators 9: 189–212. doi:10.1016/j.ecolind.2008.05.011.
Smajgl, A., S. Larson, B. Hug, and D.M. De Freitas. 2010. Water use
benefit index as a tool for community-based monitoring of water
related trends in the Great Barrier Reef region. Journal of
Hydrology 395: 1–9. doi:10.1016/j.jhydrol.2010.09.007.
Smakhtin, V., C. Revenga, and P. Do¨ll. 2004. Taking into account
environmental water requirements in global-scale water
resources assessments. Comprehensive assessment of water
management in agriculture. Vol. 2. Colombo, Sri Lanka:
International Water Management Institute. http://www.iwmi.
cgiar.org/assessment/files/pdf/publications/ResearchReports/
CARR2.pdf.
Spangenberg, J. H., and O. Bonniot. 1998. Sustainability indicators–
a compass on the road towards sustainability. Wuppertal Paper
No. 81. Berlin, Germany: Wuppertal Institute. https://epub.
wupperinst.org/files/721/WP81.pdf.
Speed, R., C. Gippel, N. Bond, S. Bunn, X. Qu, Y. Zhang, W. Liu,
and X. Jiang. 2012. Assessing river health and environmental
flow requirements in Chinese rivers. Brisbane: Australia: Inter-
national Water Centre. http://watercentre.org/portfolio/rhef/
attachments/technical-reports/assessment-of-river-health-and-
eflow-requirements-in-chinese-rivers.
Srinivasan, V., E.F. Lambin, S.M. Gorelick, B.H. Thompson, and S.
Rozelle. 2012. The nature and causes of the global water crisis:
Syndromes from a meta-analysis of coupled human-water
studies. Water Resources Research. doi:10.1029/2011wr011087.
Stoeglehner, G., P. Edwards, P. Daniels, and M. Narodoslawsky.
2011. The water supply footprint (WSF): A strategic planning
tool for sustainable regional and local water supplies. Journal of
Cleaner Production 19: 1677–1686. doi:10.1016/j.jclepro.2011.
05.020.
Storer, T., G. White, L. Galvin, K. O’Neill, E. van Looij, and A.
Kitsios. 2011. The Framework for the Assessment of River and
Wetland Health (FARWH) for flowing rivers of south-west
Western Australia: project summary and results, Final report.
Water Science Technical Series. Western Australia: Department
of Water, https://water.wa.gov.au/__data/assets/pdf_file/0008/
3896/100214-FARWH2.pdf.
Strayer, D. L., and D. Dudgeon. 2010. Freshwater biodiversity
conservation: Recent progress and future challenges. Journal of
the North American Benthological Society 29: 344–358. The
University of Chicago Press on behalf of the Society for
Freshwater Science. doi:10.1899/08-171.1.
Sullivan, C., and J. Meigh. 2005. Targeting attention on local
vulnerabilities using an integrated index approach: The example
of the Climate Vulnerability Index. Water Science and Tech-
nology 51: 69–78.
Sullivan, C., J. Meigh, and P. Lawrence. 2006. Application of the
water poverty index at different scales: A cautionary tale. Water
International 31: 412–426.
Sullivan, C.A. 2010. Quantifying water vulnerability: A multi-
dimensional approach. Stochastic Environmental Research and
Risk Assessment 25: 627–640. doi:10.1007/s00477-010-0426-8.
Ambio 2016, 45:765–780 779
 The Author(s) 2016. This article is published with open access at Springerlink.com
www.kva.se/en 123
Sullivan, C.A., J.R. Meigh, A.M. Giacomello, T. Fediw, P. Lawrence,
M. Samad, S. Mlote, C. Hutton, et al. 2003. The Water Poverty
Index: Development and application at the community scale.
Natural Resources Forum 27: 189–199.
Summers, J.K., L.M. Smith, J.L. Case, and R.A. Linthurst. 2012. A
review of the elements of human well-being with an emphasis on
the contribution of ecosystem services. Ambio 41: 327–340.
doi:10.1007/s13280-012-0256-7.
SWRR (Sustainable Water Resources Roundtable). 2008. Statistical
compendium to populate the SWRR indicator framework. http://
acwi.gov/swrr/Rpt_Pubs/SWRR-Indicators-Feb05Draft-
Part1and2combined_new.pdf.
Tipa, G., and L. Teirney. 2006. A Cultural Health Index for Streams
and Waterways: A tool for nationwide use. Wellington, New
Zealand: Ministry for the Environment, New Zealand. https://
www.mfe.govt.nz/sites/default/files/cultural-health-index-for-
streams-and-waterways-tech-report-apr06.pdf.
Turnhout, E., M. Hisschemo¨ller, and H. Eijsackers. 2007. Ecological
indicators: Between the two fires of science and policy.
Ecological Indicators 7: 215–228. doi:10.1016/j.ecolind.2005.
12.003.
UNEP, and UNEP-DHI. 2015. Transboundary River Basins: Status
and future trends. Nairobi: UNEP. http://twap-rivers.org/
#publications.
UNESCO-IHP (UNESCO International Hydrological Programme),
IGRAC (International Groundwater Resources Assessment Cen-
tre), and WWAP (World Water Assessment Programme). 2012.
GEF transboundary waters assessment programme (TWAP)
methodology and execution arrangements: Transboundary
aquifers and SIDS groundwater systems. http://isarm.org/files/
twap-methodology-groundwater-component-revised-aug-2012pdf.
van Leeuwen, C.J., J. Frijns, A. van Wezel, and F.H.M. van de Ven.
2012. City blueprints: 24 Indicators to assess the sustainability of
the urban water cycle. Water Resources Management 26:
2177–2197. doi:10.1007/s11269-012-0009-1.
Vogel, R.M., U. Lall, X. Cai, B. Rajagopalan, P.K. Weiskel, R.P.
Hooper, and N.C. Matalas. 2015. Hydrology: The interdisci-
plinary science of water. Water Resources Research. doi:10.
1002/2015wr017049.
Vollmer, D., D.O. Pribadi, F. Remondi, E. Rustiadi, and A. Greˆt-
Regamey. 2016. Prioritizing ecosystem services in rapidly
urbanizing river basins: A spatial multi-criteria analytic
approach. Sustainable Cities and Society 20C: 237–252.
doi:10.106/j.scs.2015.10.004.
Vo¨ro¨smarty, C.J., P. Green, J. Salisbury, and R.B. Lammers. 2000.
Global water resources: Vulnerability from climate change and
population growth. Science 289: 284–288. doi:10.1126/science.
289.5477.284.
Vo¨ro¨smarty, C.J., P.B. McIntyre, M.O. Gessner, D. Dudgeon, A.
Prusevich, P. Green, S. Glidden, S.E. Bunn, et al. 2010. Global
threats to human water security and river biodiversity. Nature
467: 555–561. doi:10.1038/nature09440.
Vugteveen, P., R.S.E.W. Leuven, M.A.J. Huijbregts, and H.J.R.
Lenders. 2006. Redefinition and elaboration of river ecosystem
health: Perspective for river management. Hydrobiologia 565:
289–308. doi:10.1007/s10750-005-1920-8.
Walmsley, J., M. Carden, C. Revenga, F. Sagona, and M. Smith.
2001. Indicators of sustainable development for catchment
management in South Africa—Review of indicators from around
the world. Water Sa 27: 539–550.
Walmsley, J.J. 2002. Framework for measuring sustainable develop-
ment in catchment systems. Environmental Management 29:
195–206. doi:10.1007/s00267-001-0020-4.
WBCSD (World Business Council for Sustainable Development).
2015. Global water tool. http://www.wbcsd.org/work-program/
sector-projects/water/global-water-tool.aspx. Accessed on 30
July 2015.
Wichelns, D. 2015. Virtual water and water footprints do not provide
helpful insight regarding international trade or water scarcity.
Ecological Indicators 52: 277–283. doi:10.1016/j.ecolind.2014.
12.013.
Wissen Hayek, U., M. Teich, T.M. Klein, and A. Greˆt-Regamey.
2016. Bringing ecosystem services indicators into spatial plan-
ning practice: Lessons from collaborative development of a web-
based visualization platform. Ecological Indicators 61: 90–99.
doi:10.1016/j.ecolind.2015.03.035.
World Economic Forum. 2015. Global Risks 2015: 10th Edition.
Geneva, Switzerland: World Economic Forum. http://reports.
weforum.org/global-risks-2015/.
WWAP (United Nations World Water Assessment Programme).
2015. The United Nations World Water Development Report




Derek Vollmer (&) is a Postdoctoral Researcher in the Betty and
Gordon Moore Center for Science at Conservation International. His
research focuses on ecosystem service assessments, institutional
analysis, and spatial planning.
Address: Betty and Gordon Moore Center for Science, Conservation
International, 2011 Crystal Drive, Suite 500, Arlington, VA 22202,
USA.
e-mail: dvollmer@conservation.org
Helen M. Regan is a Professor of Biology in the College of Natural
and Agricultural Sciences, University of California Riverside. Her
research areas span quantitative conservation ecology and proba-
bilistic risk assessment.
Address: Department of Biology, University of California, Riverside,
CA 92521, USA.
e-mail: helen.regan@ucr.edu
Sandy J. Andelman is a Chief Scientist for Conservation Interna-
tional. Her scientific expertise includes tropical ecosystems, biodi-
versity, climate change, and interactions between the environment
and human well-being.
Address: Betty and Gordon Moore Center for Science, Conservation
International, 2011 Crystal Drive, Suite 500, Arlington, VA 22202,
USA.
e-mail: sandelman@conservation.org
780 Ambio 2016, 45:765–780
123
 The Author(s) 2016. This article is published with open access at Springerlink.com
www.kva.se/en
